Fe-Pd thin films with approximately 30 at.% Pd have been produced by magnetron sputtering. Various heat treatment conditions were studied in order to obtain the face-centered tetragonal (fct) martensitic phase at room temperature. X-ray diffractometry was used to identify the various phases present at room temperature and the substrate curvature technique was employed to measure film stress as a function of temperature. The shape memory effect was demonstrated in samples containing the fct martensite phase at room temperature.
INTRODUCTION
Ferromagnetic shape memory materials have received attention recently because large strains can be achieved by the application of an external magnetic field. The mechanism by which strain is obtained in the magnetic shape memory effect (MSME) differs from that in magnetostriction. In magnetostriction strain is induced upon rotation of magnetic moment in each magnetic domain. On the other hand, the magnetic shape memory effect is achieved by conversion of martensite variants through twin boundary motion so that the new crystal orientation allows the magnetic moment to be better aligned with the external magnetic field. MSME has already been demonstrated in the Ni-Mn-Ga systems [1] [2] [3] [4] , ordered Fe 3 Pt [4, 5] , and disordered Fe-Pd alloys [4, [6] [7] [8] [9] [10] in bulk form. However, only a limited amount of research has been conducted on Fe-Pd thin films [11] [12] [13] [14] .
In bulk Fe x-1 Pd x alloys the transformation from the parent face-centered cubic (fcc) phase to the face-centered tetragonal (fct) martensite phase occurs at x ~0.3. The martensite start temperature, M s , is typically below room temperature and decreases rapidly with increasing Pd content [7] . Inoue et al. [13, 14] , however, have shown that the M s of Fe-Pd alloys increases to above room temperature in thin film form, and that fct martensite can be obtained at room temperature at x ~0.28.
In this study Fe-Pd thin films with a variation in Pd content are obtained by magnetron sputtering. The effect of post-deposition heat treatment on the crystal structure is investigated using x-ray diffraction. The shape memory effect is demonstrated in films with fct martensite by using the substrate curvature method during thermal cycles.
EXPERIMENTAL DETAILS
Fe-Pd thin films were deposited by magnetron sputtering in a high vacuum chamber equipped with multiple confocal guns (ATC 1800, AJA International). The sputtering configuration is schematically shown in Figure 1 . Previous studies by other researchers on Fe-Pd thin films sputtered from Fe-30 at.% Pd alloy targets consistently showed a deficiency in the Pd content of the sputtered film [11] [12] [13] . Therefore, elemental Fe and elemental Pd targets were selected in order to avoid this problem. The use of elemental targets also provides a simple way of producing films with various compositions. All the films were deposited on either 150 nmthick thermally grown oxide (TGO) on 500 µm-thick (100) Si or 200 nm-thick SiN x on 200 µm-thick (100) Si wafers. The base chamber pressure was typically below 1.7 x 10 -7 Torr, and the Ar working gas pressure was 5 mTorr. The substrate was rotated at a speed of 17 revolutions per minute to maximize thickness and compositional uniformity. The gun tilt angle φ was fixed at
21
o and the working distance, WD, was maintained at approximately 100 mm for all the deposition runs. The power applied to the Fe target and the Pd target was varied between 200-320 W and 30-54 W, respectively. Film thickness and composition were analyzed with Rutherford Backscattering Spectrometry (RBS), using a 1.7 MV General Ionex Tandetron Accelerator equipped with both a gas and a heavy ion source.
Sputtered films in the as-deposited condition often consist of very fine grains and require post deposition heat treatment. All the heat treatments were conducted at 900 o C while other heat treatment parameters such as time, ambient and the cooling method were varied in order to obtain the metastable fct martensite at room temperature. The crystal structure of the film was analyzed by x-ray diffraction (XRD) using a Philips PW1010 diffractometer (Cu K α radiation). The film surface morphology was observed using a LEO 982 scanning electron microscope (SEM). Heat-treated films were ferromagnetic as demonstrated by their interaction with a permanent magnet.
The shape memory effect was investigated by measuring the development of film stress as a function of temperature. Substrate curvature method was used to monitor the changes in sample curvature under thermal cycling between 15-200 o C. The Stoney Formula was used to convert curvature into film stress. Figure 2 shows the variation in Pd content in the as-deposited film as a function of power 
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applied to the Pd target while the power on the Fe target was fixed at 320 W. There is a linear increase in Pd content as the power is raised. The desired Pd atomic fraction of ~0.28 is achieved at 48 W Pd. The thickness of the film varied between 300 nm (deposition time, t, of 20 minutes) and 1,100 nm (t = 60 minutes). Film thickness uniformity was typically ~2.5% and compositional variation was typically less than 0.5 at.% over 100 mm. SEM and XRD revealed that the as-deposited films typically consist of nanocrystalline grains in the body-centered cubic (bcc) structure. Figure 3 shows the effect of various heat treatment conditions on the room temperature phases in Fe-28.3 at.% Pd film. The heat treatments were performed in a vacuum furnace with a base pressure of less than 5 x 10 -6 Torr. Significant levels of oxidation are observed in the sample heat treated in vacuum for 65 minutes and quenched in ice water. Sample oxidation may have occurred due to residual oxygen in the furnace. However, oxidation may also have occurred when the sample was taken out of the furnace for quenching in ice water. Oxidation is suppressed when the specimens were heated in flowing, oxygen-gettered Ar and then rapidly cooled in flowing Ar. Iron oxide peaks are noticeably absent and distinct (111) fcc and (220) fcc peaks can be seen. When the sample is heat treated for 60 minutes in flowing Ar, there is a sharp (200) fcc peak. When the heat treatment time is reduced to 15 minutes there is a broadening of the (200) peak at 2θ ~49 o . This peak broadening is an indication that the fcc austenite has started to transform into the fct martensite. Therefore, a short heat treatment time in flowing oxygengettered Ar followed by rapid cooling in flowing Ar seems to produce the desired crystal structure. This method minimizes oxidation of the film as well as the compositional changes that may result from any reaction products that can form at the film-substrate interface at high temperatures and long annealing times. Furthermore, an annealing time of 15 minutes seems to be sufficient to convert the bcc structure of the as-deposited films to the fcc structure during annealing. Therefore, heat treatments of all subsequent samples were conducted in flowing oxygen-gettered Ar for 15 minutes at 900 o C then rapidly cooled in flowing Ar. getterd Ar followed by rapid cooling by flowing Ar. When the Pd content is high the film consists of the fcc parent phase only. As the Pd content is decreased the fcc parent phase begins to transform to the fct martensite as indicated by a shift and broadening of the (200) peak. At the lowest Pd level the crystal structure further breaks down into the body centered tetragonal (bct) structure shown by the splitting of the (111)fcc peak into the (110)/(101) bct peaks. Figure 5 shows an SEM micrograph of the surface of a heat treated sample (film thickness = 580 nm) containing 28.8 at.% Pd. The grain size is on the order of 1 to 2 µm, which is significantly larger than the grain size expected for a thin film whose thickness is 580 nm. There is a distinct formation of steps or ledges on the film surface. A similar surface morphology is observed by Inoue et al. [14] in heat treated films containing fct martensite with a grain size of 2 to 4 µm.
Changes in film stress as a function of temperature for Fe-Pd films containing the fct martensite are shown in Figures 6 and 7 . In the sample with a higher Pd content ( Figure 6 ) there is a linear increase in film stress as the temperature is raised. At about 65 o C the slope of the curve changes and the film stress continues to increase linearly. Upon cooling the stress decreases, following the heating curve in the reverse direction. At about 45 o C the slope begins to change, and at about 30 o C the stress drops off rapidly with decreasing temperature. Although not shown in the figure, it is presumed that the film stress continues to decrease with decreasing temperature until transformation from the fcc phase to the fct martensite is complete. Figure 7 shows the variation of film stress under thermal cycling in an Fe-Pd film containing a slightly lower Pd content. In general, the transformation temperature has increased compared to the sample with a higher Pd content. Upon heating transformation from fct to fcc begins and is completed at approximately 80 o C. Upon cooling the fct martensite begins to form starting at about 60 o C. The film stress continues to drop off rapidly while the transformation proceeds. During subsequent thermal cycling, the stress vs. temperature curve follows that of the first thermal cycle, validating the thermoelastic nature of the fcc to fct transformation in this film.
Metallic films deposited on Si substrates typically exhibit a decrease in tensile stress with increasing temperature. The coefficient of thermal expansion of a metallic material is several times larger than that of Si. Therefore, the stress in the metallic film becomes more compressive with increasing temperature as the metal tries to expand more than the underlying Si substrate. Figures 6 and 7, however, show an opposite trend after the film transforms to the fcc austenite phase. This phenomenon can be attributed to the existence of anomalously low values of coefficients of thermal expansion in Fe-Pd alloys containing approximately 30 at.% Pd [15] . This invar-like behavior observed in the sputter deposited Fe-Pd thin films will be discussed in a separate paper [16] .
The fct martensite in bulk Fe-Pd alloys is known to exist in a very narrow composition range at low temperatures. However, as shown by the film stress measurements above, in thin films the temperature range over which the fct martensite exists can be raised above room temperature. This experimental observation of increased M s in the presence of a tensile stress is consistent with the Clausius-Clapeyron equation. Furthermore, this trend is also consistent with the results obtained by Kato et al. [10] in which stress-induced fct martensite was obtained in bulk polycrystalline Fe-30.5 at.% Pd samples at elevated values of M s . The ability to obtain the fct martensitic phase at near room temperature enables realization of Fe-Pd shape memory thin films in practical applications.
CONCLUSIONS
Fe-Pd shape memory thin films with approximately 28 at.% Pd were successfully deposited by magnetron sputtering from elemental Fe and Pd targets. Post deposition heat treatment at 900 o C for 15 minutes in flowing Ar followed by rapid cooling in flowing Ar produces the metastable fct martensite at room temperature. Existence of the shape memory effect in this material was confirmed by the changes in film stress under thermal cycling. Characterization of the magnetic properties of the film as well as the study of the shape memory effect in the presence of an externally applied magnetic field will be topics of future investigation.
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